Introduction
␣-Melanocyte-stimulating hormone (␣-MSH) is synthesized mainly in melanotroph cells in the intermediate lobe of the pituitary, but it also is produced in the hypothalamus by neurons in the arcuate nucleus (Watson and Akil, 1980) . Fibers containing ␣-MSH are present in many brain areas (O'Donohue and Jacobowitz, 1980) , and ␣-MSH is implicated in a variety of behavioral processes, including the stretching-yawning syndrome, grooming, pain perception, feeding behavior, and male and female sexual behavior (Bertolini and Gessa, 1981; O'Donohue and Dorsa, 1982) . Central actions of ␣-MSH are thought to be mediated primarily via melanocortin-3 and melanocortin-4 receptors (MC3R, MC4R) (Adan and Gispen, 1997) .
These behaviors are remarkably similar to those behaviors in which centrally acting oxytocin is implicated. In particular, central injections of oxytocin elicit yawning (Argiolas et al., 1986) and grooming (Drago et al., 1986) , have anxiolytic effects (McCarthy and Altemus, 1997) , suppress feeding (Arletti et al., 1989) , and stimulate sexual behavior . Centrally acting oxytocin derives in part from centrally projecting parvocellular neurons of the paraventricular nucleus, but large amounts of oxytocin also are released from magnocellular oxytocin neurons in the supraoptic and paraventricular nuclei of the hypothalamus.
The paraventricular nucleus is very heterogeneous, but the supraoptic nucleus contains just magnocellular neurons that synthesize either vasopressin or oxytocin. These neurons project to the posterior pituitary where oxytocin and vasopressin are secreted into the circulation. Circulating oxytocin is important during parturition and lactation, whereas vasopressin regulates body water balance. In addition, oxytocin and vasopressin are released from the dendrites of magnocellular neurons, and dendritic release is regulated semi-independently of secretion from the posterior pituitary. Dendritically released peptides have autoregulatory actions on magnocellular neurons (Freund-Mercier and Richard, 1984; Ludwig and Leng, 1997; Gouzenes et al., 1998) but also may diffuse to have "neurohormonal-like" actions elsewhere. Oxytocin receptors are widespread in the CNS and are present at many sites at which no oxytocin fibers have been described. However, oxytocin concentrations in the CSF, which substantially reflect release from magnocellular neurons, are much higher than in plasma (Ludwig, 1998) , indicating that oxytocin released from dendrites may diffuse through the extracellular space or via the CSF to act at distant sites.
Electrophysiological and morphological studies have reported efferent projections from the arcuate nucleus to the supraoptic nucleus (Sawchenko et al., 1982; Leng et al., 1988) , and the supraoptic and paraventricular nuclei show high expression of MC4R mRNA (Mountjoy et al., 1994) . Intracerebroventricular injection of ␣-MSH induces expression of the immediate early gene c-fos in the supraoptic nucleus , which is normally a reliable indicator of neuronal excitation. The present study investigates the role of ␣-MSH in the regulation of magnocellular oxytocin neurons.
Materials and Methods
Electrophysiology. Adult female rats were anesthetized with urethane (1.25 gm/kg, i.p.), a femoral vein and trachea were cannulated, and an injection cannula was implanted into the lateral ventricle. The pituitary stalk and supraoptic nucleus were exposed transpharyngeally, and a microdialysis probe was placed onto the ventral surface of the nucleus (Ludwig et al., 2002) . A glass micropipette placed through the center of the probe loop recorded the extracellular activity of single neurons. A stimulating electrode was placed on the pituitary stalk to deliver single matched biphasic pulses (1 msec, Ͻ1 mA) for antidromic identification of supraoptic neurons. Oxytocin cells were distinguished from vasopressin cells by their firing pattern and by their opposite response to intravenous CCK [20 g/kg; cholecystokinin-(26-33)-sulfated; Bachem, Essex, UK] (Renaud et al., 1987; . Some cells also were tested with intravenous phenylephrine (PE; 10 g), which inhibits vasopressin cells with no effect on oxytocin cells . Artificial CSF [ACSF; pH 7.2, composition (in mM): 138 NaCl, 3.36 KCl, 9.52 NaHCO 3 , 0.49 Na 2 HPO 4 , 2.16 urea, 0.49 NaH 2 PO 4 , 1.26 CaCl 2 , 1.18 MgCl 2 ] was dialyzed at 3 l/min and changed to ACSF containing ␣-MSH (Calbiochem-Novabiochem, Nottingham, UK), MC4R agonist (MRLOB-0005), or MC4R antagonist (MRLOB-0004) (Bednarek et al., 2001) ; the sphere of action of dialyzed peptides has been discussed previously (Ludwig and Leng, 1997) . The MC4R agonist is a full, high-affinity agonist (rat MC4R IC 50 , 0.61; EC 50 , 1.9 nM) and is Ͼ100-fold selective compared with other MCR subtypes). Firing rate in the 5 min before injection was compared with the rate between 5 and 10 min after; activity in 30 sec bins was compared, using a Student's t test, accepting p Ͻ 0.001 as significant. Only one neuron was tested with an intracerebroventricular injection of drugs in any rat.
Blood sampling. Conscious rats were implanted with a catheter and an intracerebroventricular cannula with the tip in the left cerebral ventricle under halothane anesthesia. Then 2 days later, blood samples were taken 10 min before (0.5 ml) and 10, 15, and 90 min (0.3 ml) after intracerebroventricular injection of ␣-MSH (1 g in 5 l) or vehicle (5 l of isotonic saline) or after intravenous injection of CCK (20 g/kg) or vehicle (0.15 ml of isotonic saline). At 90 min after drug administration the rats were killed with sodium pentobarbitone and perfused transcardially with heparinized saline, followed by 4% paraformaldehyde in 0.1 M PBS. The brains were removed, postfixed overnight, and cryoprotected in 30% sucrose at 4°C for analysis of Fos.
In anesthetized rats the blood samples (0.3 ml) were withdrawn from a femoral artery. The plasma was separated by centrifugation and stored at Ϫ20°C. The blood cells were resuspended in 0.15 M NaCl and returned via the femoral vein.
Radioimmunoassay. Oxytocin was measured in duplicate in unextracted plasma by specific radioimmunoassay, using antibody donated by Professor T. Higuchi (Higuchi et al., 1986) . Pre-iodinated oxytocin was obtained (NEX187; NEN Life Science Products, Boston, MA), and a standard curve was constructed by using the Fourth International oxytocin standard (National Institute for Biological Standards and Control, Hertfordshire, UK). The mean intra-assay coefficient of variance was 12 Ϯ 3%, the interassay coefficient of variance was 12.5 Ϯ 2%, and the assay sensitivity was 2.7 Ϯ 0.4 pg/ml at 40 Ϯ 7% of total binding.
Microdialysis. Rats were anesthetized with sodium pentobarbitone (60 mg/kg, i.p.); a microdialysis probe (membrane, 1 mm in length, 0.5 mm in diameter; CMA-12, CMA/Microdialysis, Stockholm, Sweden) was implanted dorsally, adjacent to the right supraoptic nucleus at coordinates rostrocaudal, 0; lateral, 1.5; depth, 9.5 mm. Drug administration was started 2 hr after the end of surgery. ACSF or ACSF containing ␣-MSH was dialyzed at 1.5 l/min. Rats were killed 60 min after drug administration and processed as above for visualization of Fos.
Fos expression. Coronal sections of hypothalamus (44 m) were cut on a freezing microtome. Standard immunocytochemistry was performed on floating sections by using a polyclonal antibody raised in rabbit against the N-terminal amino acids 4 -17 of the protein product of human c-fos (Ab-2, Calbiochem-Novabiochem). For double immunocytochemistry a polyclonal antibody raised in rabbit against oxytocin (Ab-1, Oncogene Research Products, San Diego, CA) was used. Antibody-antigen complexes were visualized by using ABC methods with a Vector stain elite kit (Vector Laboratories, Bucks, UK) intensified with nickelintensified diaminobenzidine (Ni-DAB; single immunocytochemistry) or with DAB only (double immunocytochemistry). Fos-positive nuclei and the percentage of activated cells were counted blind in the supraoptic nucleus at the level of maximal cross-sectional area. Three sections per rat were counted.
Measurement of [Ca 2ϩ ] i in isolated neurons. For each experiment the supraoptic nuclei were dissected from two female Wistar rats and transferred to oxygenated Locke's buffer containing (in nM): 140 NaCl, 5 KCl, 1.2 KH 2 PO 4 , 1.8 CaCl 2 , 10 glucose, 10 HEPES-NaOH, pH 7.2, at 290 -310 mOsm/l (Lambert et al., 1994) . Low-Ca 2ϩ EGTA buffer was prepared by using Locke's buffer supplemented with EGTA (Sigma, Poole, UK). The final concentration of Ca 2ϩ in low-Ca 2ϩ EGTA buffer was 122 nM. Tissue was dissociated in Locke's buffer supplemented with enzymes deoxyribonuclease I (0.5 mg/ml), protease X (1 mg/ml), and protease XIV (1 mg/ml), followed by trituration. Cells then were incubated with 2.5 M fura-2 AM plus 0.02% pluronic F-127 (Molecular Probes, Eugene, OR). Fluorescence measurements of [Ca 2ϩ ] i were performed with a fast fluorescence microspectrofluorometry system (FFP; Zeiss, Oberkochen, Germany), using an inverted microscope equipped for epifluorescence (Lambert et al., 1994) .
Oxytocin dendritic release. Female rats were decapitated, and two supraoptic nuclei (for each experiment) were dissected and transferred into Locke's buffer. Samples were collected every 5 min. ␣-MSH or MC4R agonist was applied for 5 min, MC4R antagonist for 10 min, and lowCa 2ϩ EGTA buffer for 20 min. Oxytocin was measured by radioimmunoassay (Ludwig et al., 2002) .
Results

␣-MSH inhibits the electrical activity of oxytocin neurons
Experiments to determine the effects of ␣-MSH or MC4R agonist were performed on 30 identified oxytocin cells and seven identified vasopressin cells. Agonists were tested by intracerebroventricular injection in 22 oxytocin cells and five vasopressin cells and by retrodialysis in eight oxytocin cells and two vasopressin cells. Each cell represents an independent experiment in a different rat.
␣-MSH (200 -300 ng, i.c.v.) produced a rapid, reversible inhibition of each of five identified oxytocin neurons that were tested ( Fig. 1 A1,A2 ; mean change in firing rate, 1.2 Ϯ 0.02 spikes/ sec from an initial rate of 3.7 Ϯ 0.8 spikes/sec). To test whether this was mediated by MC4R, we used a highly specific MC4R agonist. Intracerebroventricular injection of the agonist inhibited oxytocin neurons in a dose-dependent manner ( Fig. 1 B1-B4 ). In contrast, vasopressin neurons were not affected significantly by intracerebroventricular MC4R agonist (200 ng; n ϭ 4; Fig. 2 A, B) . One vasopressin neuron was tested with intracerebroventricular ␣-MSH (200 ng) and also was not affected (data not shown).
To test whether ␣-MSH acts directly on the supraoptic nucleus, we applied ␣-MSH to the nucleus by retrodialysis. The firing rate of neurons in the 5 min before retrodialysis was compared with the rate between 15 and 20 min after beginning application. Four of five oxytocin neurons, each from a different rat, were inhibited by ␣-MSH at dialysate concentrations of 1-3.4 g/l (Fig. 3 A, B) , whereas the fifth was unaffected. Two of three other oxytocin neurons were inhibited by retrodialysis of MC4R agonist (0.65 g/l), with no effect on the third. The firing rate of one vasopressin neuron tested with retrodialysis of ␣-MSH (1.6 g/l) and in one vasopressin neuron tested with retrodialysis of MC4R agonist (0.65 g/l) was not affected.
␣-MSH inhibits oxytocin secretion from the posterior pituitary
These electrophysiological experiments indicated that MC4R ligands inhibit oxytocin cells after intracerebroventricular injection, but previous studies of Fos expression suggested excitatory effects. To get an independent measure of the effects of MC4R ligands, we measured plasma oxytocin. In urethane-anesthetized rats intracerebroventricular injection of MC4R agonist (400 ng) produced a significant fall in the mean oxytocin concentration (from 20.5 Ϯ 3 pg/ml before intracerebroventricular injection down to 13.3 Ϯ 3.3 pg/ml at 15 min after injection; mean change, 7.1 Ϯ 2.2 pg/ml; n ϭ 7; Friedman's repeated measures ANOVA on ranks followed by Dunnett's test; p Ͻ 0.05 at 15 and at 20 min after injection), whereas no significant change followed intracerebroventricular vehicle (21.1 Ϯ 2 pg/ml before injection; 19.2 Ϯ 2.3 pg/ml at 15 min after injection; mean change, 1.6 Ϯ 2.7 pg/ml; n ϭ 6). To see inhibitory effects more clearly, we tested the effects of MC4R agonist on oxytocin secretion prestimulated by intraperitoneal injection of hypertonic saline. Intracerebroventricular injection of MC4R agonist produced a clear fall in oxytocin concentration in all rats (Fig. 4 A) , whereas vehicle injection was ineffective.
The electrophysiological experiments were performed in urethane-anesthetized rats, as were these secretion experiments, but previous Fos studies (Olszewski et al., 2001) were performed in conscious rats. It seemed possible, therefore, that ␣-MSH has different effects in conscious and anesthetized rats, so we performed further secretion experiments in conscious rats. Plasma oxytocin concentrations were much lower in conscious rats and close to the limit of detection, so as a positive control for our ability to detect stimulation of secretion we gave one group of rats an intravenous injection of CCK. CCK injection evoked an increase in oxytocin concentration as expected (Verbalis et al., 1986) , whereas an intracerebroventricular injection of ␣-MSH or vehicle had no significant effect (Fig. 4 B) ; the low basal levels in these rats meant that inhibitory actions would be undetectable. . B2-B4, The inhibition induced by MC4R agonist is dosedependent. Data show the mean changes in firing rate (Ϯ SE) after MC4R agonist at 50 -100 ng (MC4R ago-1; n ϭ 6; B2), 200 ng (MC4R ago-2; n ϭ 6; B3), and 400 -500 ng (MC4R ago-3; n ϭ 5; B4 ). The brains from these rats were taken for analysis of Fos expression to compare the extent of Fos induction in response to CCK and ␣-MSH.
␣-MSH induces Fos expression in oxytocin neurons
In each of seven conscious rats injected intracerebroventricularly with ␣-MSH (1 g), widespread Fos expression was observed in the supraoptic nucleus (Fig. 5B ). As expected (Hamamura et al., 1991) , systemic injection of CCK (20 g/kg, i.v.) in eight rats induced Fos expression in the dorsal supraoptic nucleus [ Fig. 5C ; 55 Ϯ 11 Fos-positive cells/section, significantly more than in rats injected with intravenous vehicle (Fig. 5A) ]. Systemic (intraperitoneal) injection of hypertonic saline (1.5 M NaCl) in three rats induced intense Fos expression in the nucleus ( Fig. 5D ; 337 Ϯ 33 cells/section). In rats injected with intracerebroventricular ␣-MSH there were 110 Ϯ 19 Fos-positive cells/section in the supraoptic nucleus, significantly more than either intracerebroventricular vehicle-injected rats or CCK-injected rats (Fig. 5E ). Double immunohistochemistry confirmed that this induction included oxytocin neurons (mean proportion of oxytocin neurons that contain Fos: 52 Ϯ 5% in ␣-MSH-treated rats, n ϭ 8; 37 Ϯ 6% in CCK-treated rats, n ϭ 8).
In further experiments in 11 anesthetized rats ␣-MSH or vehicle was microdialyzed in the close vicinity of the supraoptic nucleus (Fig. 6 A) . In rats microdialyzed with ␣-MSH (1.7 g/l for 30 min) Fos expression was significantly higher in the ipsilateral supraoptic nucleus ( Fig. 6C; 14. 2 Ϯ 4.6 cells/section) than in the control, contralateral nucleus (Fig. 6 B; 7.7 Ϯ 3.3 cells/section; p Ͻ 0.05; mean ipsilateral-contralateral difference, 7 Ϯ 1.8 cells/ section; n ϭ 6). In contrast, in rats microdialyzed with vehicle there was no difference between ipsilateral and contralateral nuclei (mean difference, 0.4 Ϯ 1.7; n ϭ 5) and significantly less than in ␣-MSH-infused rats ( p Ͻ 0.05), confirming that this induction was not attributable to introduction of the microdialysis probe.
␣-MSH stimulates [Ca 2؉ ] i increase in oxytocin neurons
Vasopressin and oxytocin neurons were freshly isolated and identified according to their selective [Ca 2ϩ ] i responses to vasopressin and oxytocin (Lambert et al., 1994; Dayanithi et al., 1996) . In 10 oxytocin neurons 1 M ␣-MSH induced a transient [Ca 2ϩ ] i increase (Fig. 7A) , with a mean peak amplitude (Ϯ SE) of 307 Ϯ 52 nM (range, 110 -500 nM). In six oxytocin neurons MC4R agonist at 1 M also induced an increase in [Ca 2ϩ ] i ; however, this response was smaller (89 Ϯ 39 nM; range, 29 -54 nM) than to ␣-MSH (Fig. 7B) .
The mean [Ca 2ϩ ] i response to 1 M ␣-MSH (216 Ϯ 39 nM) was reduced by 49% (to 110 Ϯ 40 nM) in the presence of a MC4R antagonist at 1 M (n ϭ 6; Fig. 7C ). The MC4R antagonist at 500 nM inhibited the mean [Ca 2ϩ ] i response to 100 nM ␣-MSH (197 Ϯ 19 nM) by 87% (to 26 Ϯ 17 nM; n ϭ 4).
In four oxytocin neurons that were tested, ␣-MSH induced a response in a low Ca 2ϩ EGTA buffer (Fig. 7D) , indicating that the A, Mean plasma oxytocin concentration (Ϯ SE) in anesthetized rats after intraperitoneal injection of hypertonic saline (HS) and intracerebroventricular injection of 400 ng of MC4R agonist (black bars; n ϭ 7) or vehicle (white bars; n ϭ 5). Note the decrease in oxytocin concentration after MC4R agonist (one-way repeated-measures ANOVA followed by post hoc t test; *p Ͻ 0.05). B, Oxytocin concentration in conscious rats after intracerebroventricular injection of 1 g of ␣-MSH (black bars) or vehicle (white bars) and after intravenous injection of 20 g/kg CCK (black bars; n ϭ 7) or vehicle (white bars; n ϭ 6). CCK induced a significant increase in oxytocin secretion (*p Ͻ 0.05), whereas intracerebroventricular injection of MC4R agonist was ineffective.
response reflects Ca 2ϩ release from intracellular stores rather than entry via voltage-gated channels.
Neither ␣-MSH (Fig. 7E ) nor MC4 agonist had any effect on [Ca 2ϩ ] i in vasopressin cells (n ϭ 5).
␣-MSH stimulates dendritic release of oxytocin
Dendritic oxytocin release can be triggered directly by changes in [Ca 2ϩ ] i (Ludwig et al., 2002) . We therefore tested whether ␣-MSH stimulates dendritic oxytocin release in vitro in isolated supraoptic nuclei. In each of five experiments a 5 min application of ␣-MSH (1 M) induced oxytocin release that was blocked in the presence of the MC4R antagonist (1 M; Fig. 8 A) . Similarly, in three experiments a 5 min application of MC4R agonist (1 M) induced oxytocin release, and this also was blocked in the presence of the MC4R antagonist (1 M; Fig. 8 B) . Oxytocin release induced by ␣-MSH was not blocked by lowering extracellular Ca 2ϩ , suggesting that ␣-MSH-induced [Ca 2ϩ ] i mobilization is sufficient to stimulate release (Fig. 8C) .
Discussion
Here we show that ␣-MSH has a selective modulatory action on oxytocin neurons in the supraoptic nucleus via MC4R. Central administration of ␣-MSH induces Fos expression in oxytocin neurons and dendritic release of oxytocin, but it inhibits their firing rate and decreases oxytocin secretion from the pituitary gland. Thus induction of c-fos is not necessarily a sign of electrical response to vasopressin (100 nM) and its absence of response to oxytocin (100 nM).
excitation in supraoptic neurons but may accompany neuronal inhibition. Enzymatic cleavage of pro-opiomelanocortin (POMC) generates several peptides, including ␣-MSH, adrenocorticotropic hormone (ACTH), and endorphins. Most POMC neurons have their cell bodies in the arcuate nucleus, and some of these project to the supraoptic nucleus. ACTH-containing fibers penetrate the dorsal supraoptic nucleus, a region rich in oxytocin cells (Sawchenko et al., 1982) , and immunocytochemical and retrograde-tracing studies have shown that arcuate neurons containing ␤-endorphin project to the supraoptic nucleus (Douglas et al., 2002) . ␣-MSH, ACTH, and ␤-endorphin all coexist within arcuate neurons (Bloch et al., 1979) and are likely to be coreleased. ␤-Endorphin is believed to inhibit oxytocin neurons via -opioid receptors (Douglas et al., 1995) , but although electrical stimulation of the arcuate nucleus inhibits oxytocin neurons, this inhibition is not blocked by naloxone (Leng et al., 1988) , indicating that non-opioid transmitters also are involved. In part at least, this inhibition is mediated by GABA (Ludwig and Leng, 2000) , and blocking GABA A receptors reveals a long-lasting excitatory effect of arcuate nucleus stimulation. Thus there are both excitatory and inhibitory influences of the arcuate nucleus on oxytocin neurons.
The inhibitory effect of MC4R ligands on oxytocin secretion could be seen only in urethane-anesthetized rats, whereas these ligands showed no effect in conscious rats. Urethane is the one anesthetic that preserves normal physiological function in the oxytocin cells, in particular the milk-ejection reflex, which is impaired by most anesthetics, and for this reason is the anesthetic of general choice for study of this system (see . Urethane actually activates the neurons via its mild hyperosmotic effect. This is "physiological" in the sense that supraoptic neurons are physiologically osmoreceptive. The apparent discrepancy in the effects of MC4R ligands on oxytocin secretion in anesthetized and conscious rats occurs because in conscious rats the basal oxytocin secretion is very low and cannot be suppressed even by powerful inhibitors. So that the inhibition of secretion could be observed, it is thus essential to raise activity above the basal level, but the study on Fos expression then would be impossible to interpret.
Previous studies have shown that intracerebroventricular injections of ␣-MSH and MCR agonist MTII induce Fos expression in the supraoptic nucleus (Thiele et al., 1998; Olszewski et al., 2001 ). These studies have been interpreted as indicating that melanocortin ligands excite supraoptic neurons, because Fos expression generally is assumed to indicate an increase in neuronal electrical activity (Sagar and Sharp, 1993; Hoffman and Lyo, 2002) . In magnocellular neurons Fos expression is activated by a wide range of stimuli that increase secretion of oxytocin or vasopressin from the neurohypophysis (Giovannelli et al., 1990; Hoffman et al., 1993; Leng et al., 1999) . However, we show here that ␣-MSH decreases the firing rate of oxytocin neurons when applied either intracerebroventricularly or directly onto the supraoptic nucleus, does not trigger oxytocin secretion into the circulation, and yet stimulates strong expression of Fos. Oxytocin cells were recorded for up to 2 hr after inhibition by MC4R ligands, and we never observed a subsequent period of activation that could be a later cause for Fos expression. In addition, secretion data from blood sampling showed no late stimulation of secretion. To our knowledge this is the first direct demonstration that induction of Fos expression in neurons can be accompanied by the inhibition of electrical activity. This long has been recognized as a possibility, although it generally is disregarded in the absence of a clear demonstration. In fact, we know of no system in which Fos expression in an identified neuronal population is associated with no response or inhibition of electrical activity. However, there are examples in which increased electrical activity is not accompanied by Fos expression. Luckman et al. (1994) showed that increased spike activity induced by antidromic stimulation in supraoptic neurons is not effective in inducing Fos expression, and Sgambato et al. (1997) showed a lack of Fos expression in substantia nigra despite electrophysiological excitation evoked by cortical stimulation.
We also show that ␣-MSH can induce an increase in [Ca 2ϩ ] i in oxytocin neurons, probably by mobilizing calcium from intracellular stores, because the response persisted in the absence of extracellular calcium. This action involves MC4R, as we showed by using a specific MC4R agonist and antagonist. This is consistent with reports that MC4R mRNA is highly expressed in the supraoptic nucleus, whereas MC3R mRNA does not seem to be expressed there (Mountjoy et al., 1994) . MC4Rs, which notably mediate the role of ␣-MSH in feeding behavior (Vergoni and Bertolini, 2001) , are G-protein-coupled receptors and activate the adenylyl cyclase/protein kinase A intracellular signaling pathway. However, when expressed in HEK293 cells, these receptors can trigger an increase in [Ca 2ϩ ] i in response to ␣-MSH that results from mobilization of calcium from intracellular stores (Mountjoy et al., 2001) . In oxytocin neurons the amplitude of the MC4R agonist-induced [Ca 2ϩ ] i responses was less than that obtained with ␣-MSH, although this agonist has higher affinity and selectivity for MC4R than ␣-MSH. It is possible that, although fully binding to the receptor, the agonist preferentially activates the cAMP pathway and, to a lesser extent, the intracellular Ca 2ϩ pathway.
Intracellular calcium is a primary regulator of c-fos transcription (Morgan and Curran, 1988) via both calcium response elements and cAMP response elements in the c-fos promoter. Indeed, the ubiquity of association between neuronal excitation and Fos expression is thought to reflect the universal nature of voltage-activated calcium entry into neurons. However, calcium entry during action potential discharge is not sufficient to induce Fos expression in magnocellular neurons (Luckman et al., 1994) , and other intracellular pathways are necessary. In particular, the ␣-MSH-elicited mobilization of intracellular calcium may be responsible for the induction of Fos expression in oxytocin neurons by ␣-MSH.
The inhibition of electrical activity appears likely to include a direct component, because topically applied ␣-MSH inhibited oxytocin neurons. This may reflect hyperpolarization via Ca 2ϩ -dependent K ϩ conductances, as shown for instance in the substantia nigra (Fiorillo and Williams, 1998) . Another electrophysiological study, performed in vitro on hypothalamic slices, has reported inhibitory actions of ␣-MSH on ventromedial hypothalamic neurons and paraventricular neurons (Fong and Van der Ploeg, 2000) .
Whereas ␣-MSH inhibits oxytocin neurons and inhibits oxytocin secretion into the circulation, ␣-MSH nevertheless stimulates the central release of oxytocin from magnocellular neurons. Oxytocin is released in large amounts within the supraoptic nucleus from the neuronal dendrites. This dendritic release can occur independently of systemic secretion (Ludwig, 1998) and is not stimulated normally by action potential discharge (Ludwig et al., 2002) . Recently, we have shown (Ludwig et al., 2002) that agents that mobilize intracellular calcium in oxytocin neurons, including oxytocin itself (Lambert et al., 1994) , elicit dendritic oxytocin release without increasing electrical activity and without inducing secretion from nerve terminals. Furthermore, mobilization of intracellular calcium can make dendritic stores of oxytocin available for subsequent release in response to electrical activation.
Peptides released from dendrites are potentially important modulators of many functions in the CNS, because they can act locally or diffuse in the brain far from their site of release. The dendritic plexus of the magnocellular neurosecretory system is a major site of "neurohormonal" release within the brain. It seems possible, therefore, that ␣-MSH can trigger oxytocin release from this site specifically and that this oxytocin release may participate in behavioral actions of ␣-MSH.
